Introduction
Thermoacoustic technologies deal with the thermodynamic conversion between thermal energy and acoustic power by relying on the so-called thermoacoustic effect. Here, the heat transfer between a gas parcel and solid material, occurring due to their local temperature difference, can take place at separate locations along the solid temperature gradient due to the fluid displacement caused by the acoustic oscillations. Therefore, the appropriately phased pressure and displacement (or velocity) oscillations enable the compressible gas parcel to undergo a useful thermodynamic cycle in the vicinity of a solid material and thus to convert thermal energy to acoustic power. A variety of thermoacoustic engines (TAEs) have been devised to convert thermal energy to high intensity acoustic power using the above thermoacoustic effect [1] [2] [3] [4] [5] . According to the characteristics of the sound wave present in these engines, they can be categorized into two types: travelling-wave and standing-wave engines. For the travelling-wave engines, the phase difference between the pressure and velocity oscillations is close to zero within the thermoacoustic core, while for the standing wave devices, the phase difference is close to 90°; and these characteristics have a major impact on the reversibility and thus efficiency of the associated thermodynamic cycles. The term ''core'' denotes an arrangement of the thermoacoustic regenerator/stack and adjacent heat exchangers.
Swift [1] designed and tested a large scale standing-wave thermoacoustic engine, which uses 13.8 bar helium as the working gas and can deliver 630 W of acoustic power to the external acoustic load, converting the heat (thermal) energy into acoustic power at a thermal efficiency of 9%. There are also several other prototypes of standing-wave engines of different sizes or configurations which have been studied by various researchers. However, the standingwave thermoacoustic engines work on an intrinsically irreversible thermodynamic cycle. Their thermal efficiency ratio of acoustic power produced to heat input has thus far been limited to less than 20%.
Ceperley [6] was first to point out that when a travelling sound wave passes though the regenerator with axial temperature gradient, the interaction between the gas and the solid material leads to a Stirling-like thermodynamic cycle. Yazaki et al. [2] were the first to demonstrate such an engine, but at low efficiency due to the low acoustic impedance within the thermoacoustic core, which caused large viscous losses resulting from high acoustic velocities. Much later, based on a compact acoustic network, Backhaus and Swift [3] proposed a new type of thermoacoustic engine which employs an inherently reversible Stirling cycle in the regenerator and utilised a high acoustic impedance to suppress the high acoustic loss. Based on a more complex acoustic network, compared to previous attempts [2] , their thermoacoustic Stirling heat engine (TASHE) demonstrated a higher thermal efficiency of 30%, corresponding to 41% of the Carnot efficiency. Recently, for the same type of engine, a new record of 49% of Carnot efficiency has been set by Tijani and Spoelstra [7] .
The devices mentioned above were designed to utilise a high temperature source at the engine's hot heat exchanger (or in other words a high temperature difference along the regenerator). A separate challenge, however, is the engine excitation by as small temperature gradients as possible, because this could open the new opportunities for utilisation of low grade waste heat. For example, de Blok's travelling-wave thermoacoustic engine [5] with a travelling wave feedback pipe starts to operate at a temperature difference of only 65 K. Recently, his multistage version of this type of engine was able to operate at the temperature difference of only 40 K at each stage [8] . Due to their simple configuration, with no moving mechanical components, TAEs show the potential for developing reliable, low-cost and environmentally-friendly energy conversion devices for utilizing solar energy or industrial waste heat.
The acoustic power generated by the TAEs can be converted to electricity through an electro-dynamic transduction mechanism. Depending on the range of the acoustic impedance of these electro-dynamic transducers, the method of coupling them to TAEs differs. So far, several thermoacoustic generator prototypes have been built and tested. A compact travelling-wave thermoacoustic generator prototype has been developed for electricity generation aboard spacecraft by integrating the TASHE concept with a linear alternator [9] . Instead of using a lossy standing-wave acoustic resonator, the reactive impedance (i.e. the moving mass) of the linear alternator created a resonance with the compliant gas spring of the thermoacoustic Stirling engine's volume, while the real impedance of the linear alternator extracted the useful acoustic power. At its most efficient operating point, the device achieved a thermal to electric conversion efficiency of 18%. A linear alternator can also be coupled to a conventional thermoacoustic Stirling engine as an acoustic load where the acoustic resonance is provided by the standing-wave acoustic resonator. Recent work indicated that this type of combination can achieve a thermal to electric conversion efficiency of 15% [10] . Other alternatives include integrating a piezoelectric generator with a TAE [11] .
In the TAE/alternator combinations mentioned above, the linear alternators had very high acoustic impedance (i.e. large force and small displacement) at the operating frequency of the system and needed to be installed at a high impedance region of the acoustic field. In acoustics, they are also referred to as ''noncompliant'' transducers. The high impedance generally leads to a high pressure drop. Most linear alternators usually adopt a clearance seal which is essentially a radial gap between the cylinder and piston as small as 10 lm to avoid friction losses [9] . However this leads also to high seal losses. Although the clearance is small, the gas can still pass through this gap (a form of acoustic streaming) when the pressure difference between two sides of the piston is high. In some arrangements, for example, the piston faces the thermoacoustic engine, while its back is enclosed. Such streaming will accumulate the gas on one side of the piston and, as a result, the mean pressure at two sides of the piston will not be equal, which can cause an excessive piston drift. Furthermore, such linear alternators tend to be very expensive because the clearance seal requires a costly manufacture processes. This counteracts the frequently mentioned advantages of thermoacoustic technology such as simplicity and low cost. From the viewpoint of potential commercialization, such an expensive combination is unlikely to be viable when competing with the generators based on conventional Stirling engines which can also utilize low temperature heat sources but have higher conversion efficiencies. However, from the theoretical viewpoint, it is also possible to combine TAEs with low impedance (i.e. small force and large displacement) transducers. Such low impedance transducers are also referred to as ''ultra-compliant'' transducers. This combination has several advantages compared to its high impedance counterparts mentioned above. Installing such alternators in a low impedance region avoids the technical problems associated with the high impedance transducers because the required pressure drop is much lower. This allows replacing the clearance seal with a ''hermetic'' seal which eliminates the seal loss and the possible piston drift due to the streaming though the clearance seal present in conventional linear alternators. In addition, in the engine concept proposed in this paper, such a ''hermetic'' seal allows suppressing the Gedeon streaming that usually exists within the loop type thermoacoustic systems . The manufacturing costs of such ultra-compliant alternators could be much lower because they could potentially use the technologies which have been widely used by audio loudspeaker manufacturers. However, very little research attention has been devoted to such combinations, partly because there are no such ultra-compliant linear alternators available in the market yet, except the audio loudspeakers which might be treated as low impedance alternators because they usually have relatively small moving mass and stiffness. However, it should be noted that, the loudspeakers are designed for high audio quality rather than to convert acoustic power to electricity in an efficient manner, and they do not match exactly the requirements of a thermoacoustic generator. For example, they have a relatively low power transduction efficiency, a fragile paper cone, and a limited stroke.
Integrating ultra-compliant alternators with TAEs leads to new challenges and design considerations, which the current research aims to address. A new concept for coupling such an alternator to a TAE is proposed, and this has been investigated in detail, both theoretically and numerically. Based on this novel concept, a smallscale prototype of an inexpensive thermoacoustic generator has been built and tested. It has produced useful amounts of electricity with reasonable conversion efficiency. The experimental results have verified the modelling. Furthermore, the ultimate goal of this work is to raise the awareness of both the research community and industry regarding the potential opportunities to develop inexpensive thermoacoustic generators for energy recovery from waste heat sources, and that there is a demand for low cost and low impedance alternators which could be manufactured using the mature technologies being widely used by loudspeaker manufacturers. Furthermore, from the viewpoint of a better coupling with TAEs, some guidelines for developing such ultra-compliant alternators have been discussed and summarized based on the research results obtained.
Concept and simplified model
As described in the introduction, there are different types of thermoacoustic engines. Standing-wave engines have a very simple linear configuration but relatively low efficiencies [1] . The pressure difference across the alternator's diaphragm has a high amplitude when the alternator is coupled to the standing-wave thermoacoustic engine. Such working conditions typically demand the application of high impedance linear alternators because their high mass/high stiffness construction allows handling high pressures across the diaphragm which is typically a sturdy metal piston. Ultra-compliant alternators would be a bad choice in this situation due to the fact that a relatively flexible diaphragm would be unable to handle the very high pressure differentials across. Torus type travelling wave engines have high thermal efficiencies [3, 9] , and the generator based on this type of engine has shown a high generator efficiency [9] . However, the ultra-compliant alternator could not provide the large reactive impedance to maintain the acoustic resonance for the torus as shown in Ref. [9] . It is possible to install such an ultra-compliant alternator in the thermoacoustic engine through a side branch pipe as shown in Ref. [10] . This however requires the alternator to handle a high pressure drop and this configuration is not suitable for such a low impedance ultra-compliant alternator.
A looped tube thermoacoustic engine is another type of a travelling-wave engine [2] . Its performance is better than the standingwave engine [1] , while the configuration is still relatively simple. Using this configuration, it is possible to install the ultra-compliant alternator in the near-travelling wave region within the loopedtube resonator. In this way, the pressure difference across the alternator diaphragm can be significantly reduced. This arrangement also helps to suppress the acoustic streaming which is induced by the secondary mass flow and could cause heat losses from a hot heat exchanger.
As mentioned in the introduction, currently there are no ultracompliant alternators available on the market. Therefore in this research it has been decided to use an audio loudspeaker as an approximation of an ultra-compliant alternator, although it is recognised that audio loudspeakers would not match exactly the requirements of a thermoacoustic electricity generator. According to the loudspeaker (or in this case alternator) linear theory [12] , to achieve a high transduction efficiency, the alternator should have a high force factor Bl, low mechanical resistance R m , and low electrical resistance R e . Furthermore, for a given frequency, the electrical power production capacity also depends on the Table 1 Specifications of the loudspeaker (alternator).
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To address one of the referee comments, one can imagine a low impedance alternator with a clearance seal or a high impedance alternator with a ''hermetic'' seal. However, neither of them would be practical: the former would lose the advantage of stopping Gedeon streaming and eliminating piston drift by having a hermetic seal, both of which are achievable due to a small pressure drop across the membrane, while the latter would require a sturdy membrane resistant to fatiguei.e. another serious engineering issue. excursion of the alternator; therefore, a high excursion is preferred. According to these criteria, a B&C 6PS38 woofer (manufactured by B&C speakers) was selected. Its specifications and the measured Thiele/Small parameters are summarized in Table 1 [13] .
The present concept of the thermoacoustic electricity generator is shown schematically in Fig. 1 . The thermoacoustic core consists of a cold heat exchanger (CHX), regenerator (REG) and hot heat exchanger (HHX). The core is in essence an acoustic power amplifier [14] . The overall power flow is such that part of the acoustic power generated in the core is extracted by the alternator, while the remaining part is fed into the cold end of the regenerator through the feedback pipe (FBP) and is then amplified by the regenerator with a steep temperature gradient in the direction of sound propagation which causes a sharp increase in the volumetric velocity (the above mentioned amplification effect). The regenerator has a cross sectional area A much larger than that of feedback pipe, in order to improve the generator performance by having |Z| ) q M a/A [3] . The change in A requires two tapered sections, likely to cause flow separations and thus significant streaming and heat leaks [15] . To suppress the streaming, two flow straighteners (several coarse mesh discs) are installed -c.f. the dotted lines as shown in Fig. 1 .
Below the thermoacoustic core, there is a thermal buffer tube (TBT), of which one end connects to the hot heat exchanger; while the other connects to the secondary cold heat exchanger that prevents a heat leak to the alternator housing. The alternator is installed just after the secondary cold heat exchanger, and is enclosed in a housing. The acoustic power is extracted by the alternator immediately after it is produced in the thermoacoustic core. The alternator introduces an acoustic load to the thermoacoustic engine, which alters the acoustic field within it. An acoustically unmatched load generates an acoustic reflection and a high standing wave ratio in the acoustic feedback pipe and thus causes large acoustic losses. To extract the acoustic power in an efficient manner through the alternator and reduce the acoustic losses within the feedback pipe, the load (alternator) has to be matched with the engine's acoustic network. This is achieved by applying a technique of ''stub-matching'', very similar to that routinely used in microwave electronic circuits. Here an acoustic stub has been introduced to the engine as shown in Fig. 1 . It is a side branch pipe with the same diameter as the feedback pipe, and its length can be varied by moving a piston so that the fine tuning effect can be obtained within the experiments. In principle, acoustic reflections introduced by the alternator can be cancelled out by adding an equal and opposite reflection from the side stub.
The matching stub should be attached to the wave guide at the location close to the load as schematically shown in Fig. 1 . The optimal location for the stub will be discussed later. After the side stub, the long feedback pipe (FBP) connects back to the thermoacoustic core to the top end of the cold heat exchanger, through which part of the acoustic power is fed back to the thermoacoustic core for amplification.
In addition to the diagram of the physical layout, an equivalent lumped electrical circuit is presented in the inset of Fig. 1 to provide a further physical understanding of the generator's operation. According to the linear thermoacoustic theory [16] , Eq. (1) quantitatively describes the interaction between the acoustic and temperature fields (i.e. the thermoacoustic effect).
Here, p, U, T, q, and c are the pressure, volumetric velocity, temperature, density and the ratio of specific heat capacities of the gas,
respectively; x and a are the angular frequency and sound speed of the acoustic wave; f k and f v are the spatially averaged thermal and viscous functions, respectively. f k and f v and are given in [16] in detail. Subscript ''1'' indicates the first order of a variable, which usually has a complex amplitude. For the convenience of numerical calculations, Eq. (1) can be written as:
In essence, Eqs. (2) and (3) are the thermoacoustic version of momentum and continuity equations. The time-averaged acoustic power dW a produced in a length dx of the channel can be written in the complex notation in the general form as
where ''$'' indicates a complex conjugate. Re[ ] denotes the real part of a complex number. Eq. (4) can be written as
Viscous resistance per unit length of the channel, R v , thermalrelaxation conductance per unit length of the channel, 1/R k , and the complex gain constant for the volume flow rate, g, are defined as follows:
A g is the cross sectional area of gas channels in the regenerator. Furthermore, A g ¼ /A, where / and A are porosity and cross sectional area of the regenerator, respectively. In the regenerator, the viscous loss is much more important than the thermal-relaxation loss. Therefore, the regenerator is simplified and modelled as a combination of resistance R reg and a current source (s À 1)U 1,c as shown in In the acoustic domain, the impedance of the alternator can be written as [13] Z alt ¼ Dp
Here Dp is the pressure drop across the diaphragm, and R L is the load resistance. According to the parameters shown in Table 1 , xL e is much less than R e or R L , therefore, neglecting the inductance of the coil leads to
The right hand side of Eq. (9) shows that the alternator introduces an acoustic resistance R alt (i.e., the total effect of coil resistance R e , load resistance R L , and the mechanical resistance R m ), an inertance L alt (i.e., the inertial effect of the mass of the coil and cone), and a compliance C alt , (i.e., the spring effect) to the loop. These three components are connected in the equivalent circuit in series as shown in Fig. 1 . The acoustic power extracted by R alt is mostly converted into electric power, part of which is delivered to R L , while the rest is dissipated by the coil resistance. U 1 is constant at the two sides of the alternator diaphragm, while |p 1 | drops due to the power extraction. This pressure drop is much smaller than that in conventional designs because the reactive part of the impedance is very small even when the alternator is off resonance by a few Hz:
Although the pressure drop is small, the installation of the alternator will still modify the preferred acoustic field along the looped engine [2] . This will cause a drop of |Z| at two sides of the alternator. To tune Z for minimum dissipation in the feedback pipe, the side-branch matching stub needs to compensate for the alternator's effect on the acoustic field.
For a section of acoustic duct, the relationship between the input Z 1 and output acoustic impedance Z 2 can be rewritten as [17] :
Here, l is the length of the duct, k = 2p/k is the acoustic propagation coefficient, and Z 0 is the characteristic impedance of the duct and is defined as
The stub is essentially a section of an acoustic duct with a closed end, i.e. Z 2 = 1. Therefore, the input acoustic impedance of the stub can be approximately written as
Usually, the stub length is much less than k/4 so that kl < p/2.
For 0.5 < kl < 1, applying the second order approximation on cotangent function on the right hand side of Eq. (14) leads to
Here,
and
Therefore, the stub can be modelled as a combination of acoustic compliance C s and inertance L s in series, as shown in Fig. 1 . Considering 1/xC s ) xL s so that the stub injects a reactive DU 1 into the loop that lags p 1 by almost 90°without changing |p 1 | at the junction. Consequently, it introduces a sharp increase of |Z| and the phase angle, which compensates for the effect of the alternator.
The rest of the feedback pipe is just a lossy acoustic waveguide. Each unit section can be modelled as a combination of resistance R fb , inertance L fb and compliance C fb , which can also be calculated according to Eqs. (16) and (17) . It should be noted that, as will be described later in Section 4, the cold heat exchanger has a very low porosity of 10%, while it has a relatively long length of 90 mm. Compared with the large cross-sectional area of the thermoacoustic core, the CHX effectively introduces a long but small cross-section channel locally into the loop. Therefore from the acoustics point of view, the CHX introduces a noticeable inertance effect in addition to the usual acoustic resistance R chx . This additional inertance effect is modelled as L chx as shown in Fig. 1 and is also demonstrated by the numerical results as shown in Fig. 2d later in this paper. Essentially, such an inertance effect introduces a pressure drop Dp that lags U 1 by almost 90° [18] . This also provides a phase change helping to create the preferred condition for an efficient regenerator (i.e. U 1 leads p 1 at the cold end and U 1 lags p 1 at the hot end [3] ). Although its inertance effect is much smaller than the classic ''inertance tubes'' which are commonly used in pulsetube cooler systems, the interesting attempt here is to demonstrate that it is feasible to combine the inertance phase shifter with heat exchangers, which is potentially an advantage for designing more compact thermoacoustic systems.
Design simulations
The simplified model described above provides a very useful qualitative understanding of the behavior of the thermoacoustic electricity generator considered in this paper. However it is admittedly a complex system involving acoustic, mechanical and electrical components. Therefore for a quantitative analysis a more specialised design tool referred to as Design Environment for Low-amplitude ThermoAcoustic Energy Conversion (DeltaEC) is employed. It is a computer programme, widely used for analysing thermoacoustic applications [19] . It can be used in the design process in order to optimise a thermoacoustic system from the point of view of the required performance, or to predict the performance of an existing build of a thermoacoustic device with the view of further debugging. DeltaEC integrates numerically the acoustic wave equation and energy equation segment by segment throughout the whole device based on the low amplitude acoustic approximation and the sinusoidal time dependence of the variables [16] .
The design and optimisation processes are quite involved and would require a separate paper to describe all the detailed steps. However these are outside the scope of this paper. Therefore, for convenience, the simulation results discussed in this section are based on the final design of the prototype, with dimensions given in the next section. This will allow comparisons between the experiments and simulations to verify the model. However, it should be noted that, some compromises had to be made to utilise the available standard parts in order to reduce the cost of the prototype. This means that the final prototype design is not fully optimized from the theoretical point of view, and there are still some opportunities for further improvement of performance if for example bespoke parts were to be made (e.g. pipes of non-standard diameters). Furthermore, atmospheric air is used as working gas in order to simplify the construction and operation of the present prototype.
For the purpose of comparison with the experiments, the displacement of the coil within the alternator is set to 6.25 mm as a boundary condition, which is also easy to be accurately controlled in the experiments. To achieve this displacement, the input heat power is about 434 W in the simulation. Although the displacement is slightly bigger than the nominal maximum excursion of the alternator, the measurement shows that the distortion of the output voltage is negligible. The load resistance is set to 15.6 X. The working gas is air at atmospheric pressure. The working frequency is 70 Hz, which is a compromise between the requirements from the alternator (i.e. at resonance) and dimensions of the regenerator (i.e. matching the hydraulic radius). The principles for optimization were as follows: Firstly, the regenerator should work in a travelling-wave condition. Secondly, a near travelling wave has to be achieved in the feedback pipe to reduce the dissipation. One typical case of the simulation is shown in Fig. 2 . Fig. 2a shows the pressure amplitude distribution along the loop (which is around 4.25 m long). There are two maxima and two minima of pressure amplitude along the loop and two sharp pressure drops. One drop is along the regenerator (about 450 Pa). The other is at the alternator which indicates that the alternator extracts a considerable acoustic power. Looking back to the simplified model as shown in Fig. 1 , the first pressure drop is caused by the flow resistance of the regenerator R reg , while the second is obviously caused by the acoustic resistance R alt introduced by the alternator. The standing wave ratio within the loop can be estimated by the ratio of the maximum over minimum pressure amplitude which, as expected, is relatively small (about 2.1). Furthermore, the acoustic stub does not cause a change of pressure amplitude, while it changes the slope at which pressure amplitude increases. The pressure amplitude changes smoothly along all other parts. Fig. 2b shows the distribution of volumetric velocity along the loop. There are also two maxima and two minima along the loop. One maximum is in between the alternator and the stub, and the other is near the end of the feedback pipe where the minimum of the pressure amplitude is located. One minimum of the volumetric velocity is at the cold end of the regenerator, while the other is close to the middle of the feedback pipe. The small volumetric velocity within the regenerator is preferred to avoid high viscous dissipation, which is one of the design strategies behind the current concept. It can also be seen that the volumetric velocity increases significantly along the regenerator. This is due to the sharp temperature gradient along the regenerator. This is the reason why the regenerator is modelled as a current source. Furthermore, at the location of the stub, there is a sudden decrease of the volumetric velocity. This indicates that the stub shunts part of the volumetric velocity away from the looped resonator. Along all other parts, the volumetric velocity changes smoothly. Fig. 2c shows the acoustic impedance along the loop. It can be seen that the acoustic impedance is highest at the cold end of the regenerator (|Z| $ 5q M a/A). The impedance drops quickly because the pressure amplitude decreases (see Fig. 2a ) while the volumetric velocity increases sharply from the cold to the hot end of the regenerator (see Fig. 2b ). The alternator causes a sudden drop of acoustic impedance due to the fact that the volumetric velocities at two sides of the alternator are the same, while the pressure amplitude drops significantly due to the acoustic power extraction. The stub introduces a sudden increase of the acoustic impedance along the loop. This is because the pressure amplitude at the stub junction is constant, while the volumetric velocity has been shunted partly to the stub due to the stub's reactive impedance as shown in Fig. 1 . It is very clear that the stub cancels out (almost perfectly) the acoustic impedance drop caused by the alternator. This is the essence of the stub matching idea behind the current concept. From Fig. 2c , one can also find that the alternator is very close to the minimum of acoustic impedance. This is also a carefully designed feature of the rig, introduced to obtain a sufficient volumetric velocity to drive the alternator to the maximum excursion which subsequently maximizes the electrical power output. The location of the stub has also been optimised in the model. As discussed above, it should be close to the acoustic loads, which in this system are the alternator and the feedback pipe's (FBP) acoustic resistance. After a careful simulation process, it has been located about 33 cm away from the alternator. From Fig. 2c , it can also be found that 0.6 < |Z| < 1.6 qMa/A along FBP. Therefore, the dissipation in the FBP has also been minimized. Fig. 2d shows the phase difference between pressure and velocity oscillation along the pipe. It can be found that the regenerator is at a near travelling-wave location. The phase angle decreases rapidly after alternator till the junction with stub. The stub introduces a sharp increase of phase angle (D/ = 37°) to counteract this sharp phase angle decrease. Furthermore, it can also be seen that CHX's phase-shifting inertance L chx (which has a very low porosity of only10%, as will be described in the next section) introduces a phase change D/ = À7°helping to create the preferred condition for an efficient regenerator (i.e. U 1 leads p 1 at the cold end and U 1 lags p 1 at the hot end [2] ). The rest of FBP is just an acoustic waveguide. After optimization, FBP also achieves a near travelling wave condition (i.e. À21°</<21°). The feedback pipe dissipates about 3.6 W. In this simulation, the alternator produces 10.3 W of electricity. As mentioned above, the required input heat is 434 W for this case. Therefore, the calculated thermal-to-acoustic efficiency g t-a = 4.4%, acoustic-to-electric efficiency g a-e = 53.4%, and thermal-to-electric efficiency g te = 2.4%.
Experimental apparatus
A prototype thermoacoustic generator has been constructed according to the present concept and the detailed modelling results. Fig. 3 is a photograph of the prototype and the instrumentation used in the experiments. As shown in Fig. 4 , the cold heat exchanger is made out of a round aluminium block, which is 90 mm long and has 110 mm diameter. Gas passages are made in the form of 45 holes with the diameter of 5 mm, drilled parallel to the heat exchanger's centre-line. Twelve holes with the diameter of 6 mm are drilled perpendicular to the heat exchanger axis to pass cooling water. A PCB pressure transducer (model 112A22) is installed just above the cold heat exchanger, which is indicated as P3 in Fig. 1 .
The regenerator is made out of stainless screen disks (110 mm in diameter), with the mesh number 34 and the wire diameter 0.254 mm. Fourty two discs have been piled up in a stainless steel can which has a wall thickness of 2 mm. The disks form a 21 mm long regenerator. Consequently, the obtained porosity and hydraulic radius are 73.3% and 175 lm, respectively. Three Type-K thermocouples (TC-Direct model 408-119) are installed along the regenerator. The distance between each of the two adjacent thermocouples is 10.5 mm. They monitor the temperature profile along the axis of the regenerator, as well as the temperature difference between the two ends of the regenerator. They are denoted by T2-T4 in Fig. 1 .
The hot heat exchanger is made using a standard cable heater manufactured by WATLOW. It has 3.17 mm diameter and a length of 2.4 m. Its rated power is 1000 W and the rated voltage is 240 V. Fig. 5 is the photograph of the hot heat exchanger when it is installed in the engine. It was wound into a spiral configuration with two layers. Several coarse mesh discs were inserted in between these two layers to enhance the heat transfer between the air and heater. It is powered by a transformer which can adjust the voltage in the range of 0-240 V. One Type-K thermocouple is installed in the heater to measure the surface temperature of the heater, and it is denoted by T1 in Fig. 1 . Below the hot heat exchanger, there is a short thermal buffer tube, which is a section of stainless steel pipe (ID = 110 mm) with a length of 80 mm, and a wall thickness of 2 mm. The 110 mm diameter buffer tube connects to a smaller buffer tube via a short transition cone, which reduces the diameter from 110 mm to 54 mm over a distance of 54 mm. The small diameter section is around 160 mm long and has the internal diameter of 55 mm (a section of standard stainless steel 2-in. tube, with 2.77 mm wall thickness). To reduce heat losses, the regenerator, hot heat exchanger and the thermal buffer tube are enclosed within an insulation blanket. The other end of the thermal buffer tube connects to the secondary cold heat exchanger. A car radiator matrix is tightly fitted within the 2-in. pipe to take heat from the hot gas, and there is a water jacket outside the pipe to take the heat away by the running cold water. A short section of 2-in. stainless tube with a length of 90 mm connects the secondary cold heat exchanger and the alternator housing.
The alternator is mounted on the bottom flange of the housing; the cone facing downwards. The bottom flange has a small glass window (50 mm diameter), which is an optical access for the laser displacement sensor (Keyence LK-G152) to measure the displacement of the alternator diaphragm. It has a standoff distance of 150 mm, and a measuring range of ±40 mm. The sampling frequency is 50 kHz and the resolution is 0.5 lm. Two PCB pressure transducers (model 112A22) have been used to measure the pressures behind and in front of the alternator diaphragm (marked as P1 and P2 in Fig. 1 ). Another Type-K thermocouple is installed just above the alternator to monitor the local gas temperature to ensure the alternator works within the rated temperature range.
The remaining part of the rig is the 3.65 m long feedback tube which connects back to the cold heat exchanger through a transition cone (54 mm in length). Because the engine is designed to operate with air at atmospheric pressure, the maximum pressure difference between the inside and the outside of the resonator corresponds to the acoustic pressure, which is usually less than 0.1 bar. Therefore, the feedback pipe is made of standard 2-in. PVC pipe and 90°bends (Class E, OD: 60.3 mm, thickness 4.5 mm) instead of a metal pipe to reduce cost. The total length of the loop is about 4.25 m. About 33 cm away from the alternator housing, an acoustic stub tube (680 mm in length) is connected to the resonator to improve the impedance matching between the alternator and engine as already discussed in the section describing the modelling aspects.
A high power variable resistor is utilized as an electrical load for the alternator to extract electrical power. The voltage difference and the current flowing through the load resistor are measured using a standard voltmeter (with the resolution of 0.001 V) and ammeter (with the resolution of 0.01 A). As a result, the electrical power extracted by the load resistor is deduced. The output from the pressure and displacement sensors together with the voltage drop V L on the load resistor are recorded directly using a computer acquisition card (OMB- DAQTEM 14) . The phase angles between these signals are measured by SR830 DSP lock-in amplifier with an accuracy of 0.01°. All of the pressure sensors have a resolution of 7 Pa, and have been carefully calibrated prior to measurements. The pressure sensors have been interchanged to double check their reliability.
Experimental results and discussion
With the terminals of the alternator open (i.e. R L = 1), the generator begins to oscillate when the temperature difference at two ends of the regenerator reaches about 120 K. To achieve |n| = 6.25 mm at the alternator (when R L = 15.6 X and stub length = 0.68 m), the calculated Q = 434 W, while the measured Q = 500 W. The difference of 66 W is estimated from experiments as the heat losses to the ambient. The measured pressure amplitude is |P 3 | = 4841 Pa. For the most efficient case, the measured W e = 7.1 W with a thermal-to-electric efficiency of 1.4%, an acoustic-to-electrical efficiency of 46.5% and a thermal-to-acoustic efficiency of 3.0%. The comparisons with the simulation results are summarized in Table 2 . Considering that the rig is a very complicated system, Table 2 shows a reasonable agreement between experiments and simulations.
From Table 2 , it can be seen that, the measured pressure amplitude of |P 3 | is very close to the calculated one, while the measured |P 1 | and |P 2 | are about 10% higher than the calculated ones. It can be found that the actual standing wave ratio within the loop should be higher than the calculated one. Therefore, the actual acoustic losses are higher than those in the simulation. The measured thermal-to-acoustic and acoustic-to-electric efficiencies are about 30% and 12% lower than the calculated ones, respectively. The overall thermal-to-electric efficiency is about 40% lower than the theoretical one. All of these discrepancies are most likely the effect of underestimating the actual acoustic losses due to sudden change of area around the alternator housing and the mechanical resistance of the alternator in the simulation. Fig. 6 shows the comparison between the simulation and experiments (R L = 15.6 X) when l stub varies. To account for heat losses, Q is fixed at 434 and 500 W for simulations and experiments, respectively. Fig. 6a shows that the measured |Dp| across the alternator agrees well with the simulations. As l stub increases, |Dp| increases significantly. The calculated optimal l stub is around 0.6-0.7 m. In the experiments, l stub varies in the range of 0-0.68 m because the rig enters the second acoustic mode when l stub > 0.68 m. This ensures that l stub is much less that k/4 so that the simplification in Eq. (5) stands. Essentially, the matching stub works as a sidebranched Helmholtz resonator. Fig. 6b shows that as the stub length increases from 0 to 0.68 m, the extracted electric power W e increases about ten-fold, which agrees with the simulation qualitatively. The apparent discrepancy occurring when l stub is high is due to the fact that the alternator coil slightly runs out from the magnet gap, and therefore the transduction efficiency drops significantly. The comparison between the simulation and measurements shown in Fig. 6a and b shows a good agreement between the simulation and measurements. Furthermore, it is indicated that the matching stub works as expected.
An interesting question that might be asked here is how the stub tunes the phase / between the pressure and velocity within the thermoacoustic engine, especially around the regenerator. Unfortunately, it is not always possible to measure the phase angles within or around the regenerator (the main limitation being the temperatures to which pressure transducers can be exposed around the hot end of the regenerator). However, a good agreement between simulations and experiments shown in Fig. 6a and b suggests that one could rely on the modelling results in order to obtain some insight into tuning function of the stub. Results presented in Fig. 6c show how the stub length affects the phase angles within the loop. It can be found that, without the stub (l stub = 0 m), / is around À71°and 61°at the hot end of the regenerator and the beginning of feedback pipe, respectively, while it approaches 0°w hen l stub % 0.65 m. As discussed above, the design strategy is to achieve the near travelling-wave condition around the regenerator and within the feedback pipe, so that the acoustic power production within the regenerator can be maximized, while the acoustic dissipation within the feedback loop can be minimized. As can be seen from Fig. 6c , the acoustic stub effectively tunes the phase to the preferred condition as expected. This explains the strong dependence of W e on l stub . Fig. 7 shows the relationship between the input heat power and the output electrical power. The solid line shows the simulation results, while the squares show the measurement results. Both indicate that the electric power increases almost linearly with the increase of the input heat power. The predicted electrical power is close to the measured values at low power level but it is much higher than the measured values at high power level. This indicates that the heat losses to the ambient are considerable when the heat input is high. This is because the heat loss depends on the temperature of the heater: the higher the heater temperature, the higher the loss to the ambient. For the highest input power tested (Q = 900 W), the alternator output is 11.6 W of electricity with a thermal-to-electric efficiency of 1.3%. In this case, coil displacement |n| = 8.5 mm exceeds the maximum excursion (around 6 mm) of the alternator, and therefore, a strong distorted waveform appears in the voltage across R L . However, it should also be noted that the predicted output is even lower than the measured one when the heating power is less than 500 W, which is somewhat unusual. The possible reason is that as the pressure amplitude increases, the nonlinear effects within the engine become strong. The acoustic losses seem to be overestimated at the low amplitude and underestimated at the high amplitude working conditions. Fig. 8 shows the relationship between the electrical power output and the load resistance in both simulation and experiments. The trend of the measured results agrees well with the calculated results. For both the simulation and experiments, there is an optimum region of load resistance that corresponds to the maximum electrical power that can be extracted. The measured optimum region of R L agrees with the calculated one. The extracted electrical power depends on both the coil velocity amplitude |u 1 | and R L for the given alternator. For a given |u 1 |, in order to extract more electrical power R L should approach R e . So reducing R L from a very high value (for example 45 X in Fig. 8 ) can increase the extracted electrical power. However, according to Eq. (10), as the load resistance R L decreases further, the equivalent acoustic impedance of the alternator increases quickly, and therefore, the interaction between the alternator and the engine becomes stronger. As a result, the alternator causes a higher pressure drop. However, as the heat input is fixed, the possible pressure amplitude is also limited. Consequently, this high impedance dramatically decreases |u 1 |. Therefore, the acoustic power flow through the alternator diaphragm, which is feeding back to the cold end of the regenerator, also decreases. Therefore, less net acoustic power can be produced in the regenerator. The results in Fig. 8 show how to balance the acoustic power extraction and feedback in the proposed thermoacoustic generator.
Finally, based on this research, some general guidelines for developing ultra-complaint alternators and the related inexpensive thermoacoustic electricity generators can be drawn. In the most general sense, an ideal alternator of the kind described in this paper should cause minimum changes to the engine acoustic field, while also having a high transduction efficiency. Firstly, the alternator acoustic impedance should be designed as small as possible to reduce the ''disruption'' to the acoustic field in the thermoacoustic engine compared to the case with no alternator. Therefore, the generator should operate at the alternator's resonance frequency to eliminate the reactive part of the alternator impedance. However, it is not always possible to match the frequency exactly because the frequency will rise slightly as the gas in the engine is heated up during its operation. In this case, according to Eq. (11), the moving mass and stiffness should be as small as possible to avoid a large reactive impedance when the operating frequency is a few Hz off the alternator resonance. The mechanical resistance (or mechanical quality factor) should be kept low (or high) to minimize the acoustic loss. Secondly, the electrical resistance of the alternator should be designed small to reduce the electric power loss due to Joule heating within the coil, while the Bl factor should be high to achieve high conversion efficiency. There is a trade-off between these two requirements for deciding the coil length. Thirdly, the area of the diaphragm should be similar to that of the acoustic duct where it is installed to avoid sudden changes of the cross-sectional area which cause undesirable acoustic losses. Fourthly, the excursion of the coil should be large to ensure a high electric power production.
Furthermore, the cone-shaped diaphragm of the alternator used in the current research introduces an unwanted volume (acoustic compliance) to the thermoacoustic engine, which complicates the impedance matching for the whole system. Such cone should ideally be replaced by a flat plate in the practical design of future ultra-compliant alternators. In addition, as the alternator is installed within the loop, the front of the diaphragm receives the acoustic power, while its back needs to radiate the remaining acoustic power to the feedback pipe. From this point of view, the tested alternator is clearly asymmetrical. The cage and magnet at the back of this alternator alters the acoustic field and causes considerable acoustic losses. In a practical design, it would be better to have flat diaphragms of the same size at the two sides of the alternator, so that the conventional cage and magnet can be hidden in between two diaphragms, and therefore, nearly symmetric acoustic interfaces can be obtained at the two sides of the alternator (e.g. the Halbach array linear alternator [20] ). Finally, the glass fibre diaphragm of the tested alternator handled successfully a pressure difference more than 1000 Pa. However, the maximum pressure drop that this kind of diaphragm can handle is still unknown. For high pressure and high power applications, the required pressure amplitude is much higher, and this would be a challenge for conventional diaphragms used in loudspeakers. For example in a 30 bar helium system, with a relative acoustic pressure amplitude of 10%, the required pressure drop across the diaphragm would be around 30-40 kPa according to the estimates based on results of this work. Clearly, this is too large for the conventional paper or polymer diaphragm. Therefore, one should use other stronger, but light materials such as carbon fibre or aluminium to make the diaphragm. For example, Tijani et al. replaced the paper cone of a commercial moving-coil loudspeaker with 0.6 mm thick aluminium plate, and applied it as an acoustic driver for their thermoacoustic cooler. The modified loudspeaker could produce 2.1% acoustic pressure amplitude in a 10 bar helium system. [18] Therefore, it seems that it would be feasible to develop ultra-compliant alternators based on the audio loudspeaker technology for high power application, although some practical challenges would still need to be addressed.
Conclusion
This paper proposes a novel concept of a travelling wave thermoacoustic generator. The novelty lies in three aspects: the utilization of the ultra-complaint alternator, the stub used for phase and impedance tuning, and the CHX designed to have a phase shifting inertance. The tuning stub effectively corrects the acoustic field within the looped-tube engine altered by the installation of the alternator. It is particularly useful for the practical design of such generators because of the unavoidable manufacturing uncertainties and fluctuating electrical loads. Based on the proposed concept, a simple prototype produced useable amount of electricity. The measurement results have verified both the simplified and detailed design models. Theoretically, this type of generator can achieve much higher efficiencies when using a high pressure helium as the working gas and an improved alternator. Because the ultra-complaint alternators could in principle be developed utilizing a typical technology used in the loudspeaker manufacture, the results shown in this paper illustrate the potential of developing inexpensive electricity generators based on thermoacoustic technology. Some design guidelines and strategies have also been proposed for developing future ultra-compliant alternators.
